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Abstract: Most studies of carbonate bedrock weathering have focused on the dissolved inorganic
carbon (DIC) flux while dismissing particulate inorganic carbon (PIC) as insignificant. However,
under certain flow conditions PIC flux may be an important term in carbonate weathering. In this
study, the total inorganic carbon (TIC) flux was calculated in a fluviokarst basin. Water samples
and in situ data loggers were used to determine suspended sediment concentration and water
chemistry. The mass of PIC within suspended sediments was quantified by cation/anion analysis
of dual filtered/unfiltered samples. The flux of bed load material was calculated via stream power
calculations. The analysis of recorded storm events indicated that PIC flux is moderate but can be
significant during peak storm discharges. A small storm with a 0.87-month return period produced a
PIC flux of 14 g s−1 and a DIC flux of 150 g s−1 at 1.4 m3 s−1 discharge. The largest storm had a return
period of 7.7 months, a peak discharge of 4.6 m3 s−1 , and peak PIC flux of 620 g s−1 compared to a
peak DIC flux of 350 g s−1 . During storm events, bed load was the most significant component of the
total PIC flux, exceeding the suspended load flux by an order of magnitude. When calculated on an
annual basis, the data show that PIC contributes about 10 percent to total inorganic carbon removal.
Keywords: suspended load; dissolved load; bed load; inorganic carbon; karst; cave stream

1. Introduction
Nearly all past research on understanding the flux of carbon in karst waters has focused on
the flux of dissolved inorganic carbon (DIC) [1–5]. Researchers generally assume that chemical
dissolution processes dominate and that the mechanical removal of carbonate is negligible [6,7].
While chemical loads typically dominate karst waters during low to moderate flow conditions, some
research has shown that the particulate inorganic carbon (PIC) in suspended and bed loads can be
a major component of carbon mass flux under higher flow conditions during moderate to extreme
storm events [8,9]. In addition, studies of karst landscape denudation that focus solely on dissolved
components do not account for carbonate loss by removal of both fine-grained (<62.5 µm; suspended
load) and large (>62.5 µm, bed load) particulates. Thus, in many karstic settings, the amount of
carbonate material removed may be underestimated.
In karstic basins, the transport of sediment occurs during punctuated events, such as storm flow
or cover collapse [10,11]. Earlier work has found that runoff events that exceed certain thresholds
can produce a significant flux of particulate carbonate at karst springs [9]. In certain rare flood
events, some karst systems have been observed to move massive amounts of sediment as bed load or
subsurface debris flows [11,12]. The objectives of this study were to quantify the total inorganic carbon
flux (dissolved, suspended, and bed loads) from a karstic basin and to assess the importance of the
component (dissolved, suspended, and bed) loads to the total.
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2. Materials and Methods
2.1. Research Area
2.1. Research Area
The research area was Sunnybrook Blowing Cave (BC) basin in Kentucky (Figure 1).
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using a Sontek IQ Standard acoustic Doppler velocity/stage logger (Sontek, San Diego, CA, USA) with
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a ten-minute sampling interval. The Doppler logger automatically calculated discharge at 10-minute
intervals from stage, velocity, and data from the surveyed cross section. In addition, staff gauges were
installed at key locations to calculate stage–discharge relationships.
At each of the three locations, the composition and the length of the intermediate axis of the
particles within the streambed sediment were determined using photographic and sieving methods.
Using field-scaled photographs and the geometric analysis tool in geographic information software [15],
the lengths of the intermediate axis of between 250 and 500 individual particles were measured at
each cross section. From these data, D50 and D84 were calculated where D50 is the diameter of the
particle for which 50% of the diameters of the other particles are smaller than, and D84 is the diameter
of the particle at which 84% of the diameters of the other particles are smaller than. The composition
of each individual particle was evaluated from the photographs or from petrographic microscopy. For
the smaller sized fractions (<4 phi), samples of streambed sediment were collected, weighed, dried,
and sieved, and the percentage carbonate material was determined by Empyrean PANalytical XRD
(Malvern PANalytical, Royston, United Kingdom) and found to be less than 2%.
2.2. Determination of the Flux of Inorganic Carbon
2.2.1. Inorganic Carbon as Dissolved Load
Sampling for dissolved load involved collection of grab samples across the duration of a
storm event as well as during low-flow conditions (Table S1). When necessary, ISCO automatic
water samplers (Teledyne ISCO, 6712C, Lincoln, NE, USA) were deployed at the three locations to
sample during high-flow events. Cation samples were treated with trace-metal grade nitric acid
(Sigma-Aldrich, St. Louis, MO, USA, 70%) after collection, and all samples were placed on ice
for transport and laboratory analysis. Concentrations of Cl− , NO3 − , and SO4 2− were analyzed
using ion chromatography (Dionex, ICS-900, Sunnyvale, CA, USA), and concentrations of Ca2+ ,
Mg2+ , Na+ , and K+ were analyzed using a inductively coupled plasma (ICP) optical emission
spectrometer (PerkinElmer, Avio220, Boston, MA, USA). Alkalinity was measured by titration in
the field using a digital titrator with standard acid cartridges (Hach, 2272800, Loveland, CO, USA).
Field parameters were measured both manually and automatically, and included field-calibrated pH,
specific conductance (SpC), temperature (T), and turbidity (NTU). Charge balance error was calculated.
A multi-parameter water quality recorder (YSI 6910, YSI, Yellow Springs, OH, USA) was
programmed for a fifteen-minute sampling interval. Data from the water quality recorder were
downloaded every six to eight weeks, and the probes were recalibrated and cleaned as needed. Manual
measurements with handheld field probes (YSI 63, Yellow Springs, OH, USA) were also taken on
each trip to verify and calibrate the data logger. Both the water quality recorder and the acoustic
velocity/stage recorder were deployed in a perennially wet and uniform reach of the main cave stream
approximately 0.8 km upstream of the lower entrance (study reach 1). For the multi-parameter water
quality recorder, instrument drift between calibrations was adjusted with regression corrections.
The flux of DIC was calculated based on the proven observation that the concentrations of
dissolved Ca2+ and Mg2+ ions in natural waters of karst aquifers are derived almost exclusively from
the dissolution of limestone and dolomite [16]. Continuous direct analysis of HCO3 − , Ca2+ , and
Mg2+ was prohibitive because of the necessity for hundreds of field titrations or for hundreds of
water samples. Therefore, the measured continuous specific conductance (SpC) from the YSI water
quality recorder was correlated to concentrations of dissolved species from a single storm event that
was sampled with a high temporal resolution. This correlation was applied across the remaining
temporal record.
2.2.2. Inorganic Carbon as Suspended Load
In order to determine PIC flux in suspended loads, three types of data were collected and
correlated: a continuous time series record of turbidity, measurements of total suspended sediment
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(TSS), and the amount of carbonate in the suspended sediment. The optical turbidity probe—which
was calibrated with formazin standards—on the YSI-6910 logger recorded time series turbidity
measurements. The YSI-6910 was installed so that the turbidity probe was at 0.5 depth of water
under most conditions.
TSS was measured over a range of conditions by collecting 500 mL grab samples with an ISCO
automatic sampler every 30 min for a span of 12 h during the December 2012–January 2013 storm
event, during the 13 July 2013 storm event, and by collecting additional grab samples under low-flow
conditions. Because water depths were generally less than 1 m, grab samples for TSS and determining
the amount carbonate in the suspended sediment were taken by moving the sample bottle from the
surface to near the streambed and back. These samples were filtered in the laboratory and the filtrate
was dried and weighed for TSS mass. The measured mass was used to convert turbidity time series
data to the mass of total suspended sediment.
The PIC fraction of the TSS was determined by analyzing calcium and magnesium cations between
pairs of acidified filtered (0.45 µm Millex-HA, Millipore-Sigma, Burlington, MA, USA) and unfiltered
samples, and was adopted for the rest of the study period. The precision of the ICP lab analysis allowed
differences of less than +/−0.5% in Ca2+ and Mg2+ to be determined in most cases. The filtered and
unfiltered grab samples were acidified to pH 2 with trace-metal grade nitric acid to dissolve particulate
carbonate. These samples were analyzed for differences in Ca2+ and Mg2+ since in typical karst waters,
cations are derived almost exclusively from carbonate [16]. The amount of PIC in the suspended load
was the difference between the filtered and unfiltered samples. Paired cation analysis of filtered and
unfiltered samples proved to be a better method for assessing excess PIC in suspended sediment.
Although dissolved carbonate loads can be calculated exclusively from HCO3 − concentrations,
pH, temperature, and carbonate equilibrium constants, a better method was used that calculates
contributions from limestone and dolostone dissolution in karst systems using concentrations of
HCO3 − , Ca2+ , and Mg2+ ions. Calculated HCO3 − concentrations derived from field titrations resulted
from an advanced speciation model that incorporated initial pH and the temperature-dependent
Debye–Hückel activity coefficient calculations and temperature-dependent equilibrium relationships.
pCO2 is accounted for in the calculation, and of the remaining dissolved carbon species, HCO3 − was
>99.2% of the total in all tested samples.
2.2.3. Inorganic Carbon as Bed Load
The bed load transport rate, qb , was determined from the transport function that is a derivation
of Bagnold’s original formula:



1/2 1/4
qb = (ω − ω0 )3/2 D1/4
/d
1/ρ
g
r
50

(1)

where d is the water depth, D50 is the length of intermediate axis of ρr which is the rock density in
water, g is gravity, ω is the unit stream power (Equation (2)), and ω0 is the critical unit stream power
(Equation (3)) [17]. The unit stream power is:
ω=

ρw gQS
b

(2)

where ρw is the density of water, S the energy slope (estimated as the measured slope of the streambed),
Q is stream discharge (obtained from time series data of the velocity and depth of water), and b is the
width of the active channel. The critical unit stream power, ω0 , was determined from [18]:
ω0 = 0.104

D1.5
b
S0.17



Di
Db

0.67
(3)

where the overall bed material size is Db (in this study, D50 was used) and the grain size of interest is
Di (D84 in this study). Movement of the bed load is predicted to occur when ω exceeds ω0 . The bed
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load flux at each station (Equation (1)) was multiplied by the percentage of carbonate material in the
bed load to determine the load of PIC. The average of the fluxes at the three locations was determined.
Numerous empirical bed load entrainment and transport formula have been utilized for surface
stream studies [19–27]; however there have been few studies of bed load entrainment in cave
streams [28–30]. Thus, the value of the constant in Equation (3), which depends on Reynolds number,
slope, ratio of Dmax /D50 , and is related to the Manning–Strickler resistance [31], should be evaluated
prior to its application to a cave stream. Field observations of the initiation of bed load movement
as indicated by the movement of tracers were made. The value of the constant was estimated from
the stream power at the time that bed load movement was initiated. In addition, several hundred
cobbles and boulders from the cave stream were tagged with radio-frequency identification (RFID)
chips and also painted and numbered and deployed at XS-1 and XS-2. The mass of the tracers that were
moved during particular floods was compared to calculated mass expected to move calculated using
Equations (1)–(3). The value of the constant in the critical unit shear stress equation (Equation (3)) was
adjusted until the calculated flux of bed load (Equation (1)) equaled the measured flux of the tracers.
3. Results
3.1. Field Data
The record of logger data at Blowing Cave spans a period from 10 November 2012 to 27 October
2013 (Figure 2). In the Sontek measured flow data, there are both smaller and larger gaps: 15–23
January, 30 March–5 April, 2–14 July, 3–27 August, and 15 April to 29 May, respectively (blue line in
Figure 2). For the smaller gaps, discharge data were filled in using a correlation between the stage
recorded by the YSI Sonde and stage recorded by the Sontek (the correlation was based on all data
for which each instrument recorded stage; Figure S1). That correlated stage was then converted to
discharge using the same technique as was used for all other stage data recorded by the Sontek. For
the larger gap, discharge data were filled in using a correlation between discharge measured with
the Sontek and discharge measured at the nearest US Geological Surface gauging station (correlation
based on Beaver Creek, USGS 03413200 record for 13 January 2013 for which 30-minute discharge data
were available; Figure S2).
SpC values ranged from 113–305 µs cm−1 , T from 9.9–17.3 ◦ C, and pH from 7.2–8.4. Flow was
extremely variable and flashy and ranged from a low of less than 0.004 m3 s−1 during the dry season
to 4.42 m3 s−1 at the largest storm flow that occurred in early August 2013, a difference over three
orders of magnitude. The data demonstrate a strong, rapid response to rain events and a small seasonal
component of increased base flow and lower SpC and turbidity during winter. TSS typically peaked
just before or at peak discharge, reaching a maximum storm value of 635 mg L−1 during the August
2013 event. TSS was very low between both summer and winter storms, averaging less than 12 mg L−1 .
At BC, there is a clear progression in bed load grain size from larger particles at the upstream
end (cross section, XS) to smaller particles nearer the downstream cave outlet (XS-1) (Table 1). The
streambed material consists of silt to large boulder material. Additional channel parameters needed
for calculating hydraulics and running models were measured at each site.
Table 1. Values of parameters measured at each the three locations in Blowing Cave, Kentucky.
Location

Channel
Width (m)

Channel Slope
(mm−1 )

D50 (mm)

D84 (mm)

Carbonate in
Bed Material

Channel
Classification

Critical Stream
Power
(Equation (3))

XS-1
XS-2
XS-3

4.31
4.10
3.80

0.008
0.005
0.012

18
25
50

43
75
105

7%
13%
16%

Plane bed
Pool/Riffle
Plane bed

34.8
66.8
121

recorded by the YSI Sonde and stage recorded by the Sontek (the correlation was based on all data
for which each instrument recorded stage; Figure S1). That correlated stage was then converted to
discharge using the same technique as was used for all other stage data recorded by the Sontek. For
the larger gap, discharge data were filled in using a correlation between discharge measured with
the Sontek and discharge measured at the nearest US Geological Surface gauging station (correlation
Water 2019,
11, 644
based
on Beaver Creek, USGS 03413200 record for 13 January 2013 for which 30-minute discharge
data were available; Figure S2).
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in the modeled flux is from the lack of SpC logs from instrument downtime.
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The movement of bed material in the BC system is highly punctuated, appearing as short spikes
(Figure 5). The highest flux of bed load occurred was 2132 kg of PIC moved over a 30-minute period
at peak discharge during the 11 August 2013 storm. The short duration and intensity of these events
shows the difficultly of accurately assessing sediment transport in flashy systems.
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dissolved flux of inorganic carbon, the waterthis
chemistry
that 24.4%
of and
the Mg
2+
2+
2+
Ca50%
in solution
originates
from flux.
dolomite dissolution. The molar results of Ca , Mg , and HCO3−
PIC fluxand
was
larger than
the DIC
can
be
compared
to
determine
the
of bicarbonate
dissolved carbonate
If allofthe
For the dissolved flux of inorganicratio
carbon,
the watertochemistry
indicatesbedrock.
that 24.4%
the Mg2+
dissolution of the bedrock is attributable to reaction with CO2, then the Ca2+ + Mg2+: HCO3− ratio
will 2+
2+
2+
and Ca in solution originates from dolomite dissolution. The molar results of Ca , Mg , and
be 1:2 (0.5). In many karst settings, however, the ratio is typically >0.5. A ratio of 0.57 has been
HCO3 −measured
can be compared
to determine the ratio of bicarbonate to dissolved carbonate bedrock. If all
at Mammoth Cave and a ratio of 0.64 at Redmond Creek, a site just a few miles from
2+ + Mg2+ : HCO − ratio
the dissolution
of
the
bedrock
attributable
reaction
with
CO2 ,from
then0.54
the to
Ca0.67
Blowing Cave [4,32]. Foristhis
study, the to
modeled
ratio
ranged
depending on3
will be 1:2
(0.5). In
many
settings,bedrock
however,
the ratio
>0.5.
A ratio ofby0.57
has been
conditions
and
flow. karst
The additional
corrosion
mayis
betypically
attributable
to dissolution
other
compounds
such as
organic
or sulfuric
derived from
oxidation
pyrite
or from
CO2Blowing
.
measured
at Mammoth
Cave
andacids
a ratio
of 0.64acid
at Redmond
Creek,
a siteofjust
a few
milessoil
from
Results
forthis
the different
modeled
dissolved
produced
time depending
series dataseton
forconditions
the DIC
Cave [4,32].
For
study, the
modeled
ratio components
ranged from
0.54 toa0.67
and
flux. The flux of inorganic carbon as suspended and bed load is due to bedrock dissolution.
flow. The additional bedrock corrosion may be attributable to dissolution by other compounds such
as organic acids or sulfuric acid derived from oxidation of pyrite or from soil CO2 . Results for the
different modeled dissolved components produced a time series dataset for the DIC flux. The flux of
inorganic carbon as suspended and bed load is due to bedrock dissolution.
4. Discussion
The removal of PIC material is highly dependent on storm events, and the study confirmed that
DIC dominates carbon flux at low to moderate flow conditions (Figure 6). During high discharge events
related to precipitation events, bed and suspended PIC become more significant, and at discharges
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The value of the constant is a source of uncertainty in the estimates of the flux of inorganic carbon

Thecarried
valueasofdissolved,
the constant
is a source of uncertainty in the estimates of the flux of inorganic carbon
suspended, and bed load over a year. The value of the constant was found to be
carried equal
as dissolved,
suspended,
bed load
a year.
The
value
the constant
wasthat
found
to or less than the valueand
of 0.104.
Theseover
smaller
values
result
in aof
calculated
PIC load
is to be
equal to10%
or less
than
the load.
valueHowever,
of 0.104.the
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in using
a calculated
load
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annual
calculated
total
PIC load
while
the 0.104PIC
value
for that
the is 10%
constant
is reduced
to ~5%
suspended
and 2.7%
load).
Thethe
value
of value
the constant
of the annual
load.
However,
the (2.3%
calculated
total PIC
load bed
while
using
0.104
for theisconstant
dependent
surface
roughness [19],
has not
beenThe
documented
cave
streams. is
Given
the
is reduced
to ~5%on(2.3%
suspended
and which
2.7% bed
load).
value ofinthe
constant
dependent
on
sensitivity of the calculations to the value of the constant, research aimed at documenting when bed
surface roughness [19], which has not been documented in cave streams. Given the sensitivity of the
load movement occurs, the value of the critical stream power at that time, and the value of the
calculations
to the
value of the constant, research aimed at documenting when bed load movement
constant
is needed.
occurs, the value
of the
criticallimitation
stream power
at that
time, and
value
of the
constant
needed.
The most
significant
in this study
is related
to thethe
rarity
of large
storm
events.isThere
some evidence
thatlimitation
larger infrequent
storms
(<2isevents/decade
return
period)
radically
increase
theThere is
Theis most
significant
in this
study
related to the
rarity
of large
storm
events.
removal of
sediment
the system.
Before
data collectionreturn
began period)
at BC, theradically
aftermathincrease
of a
some evidence
that
larger from
infrequent
storms
(<2field
events/decade
the
storm in 2009 was observed that left high water marks at XS-1 5.2 m above the streambed, over six
removal of sediment from the system. Before field data collection began at BC, the aftermath of a storm
times higher than any recorded storm for the study period. At that level, the change from openin 2009 was observed that left high water marks at XS-1 5.2 m above the streambed, over six times
higher than any recorded storm for the study period. At that level, the change from open-channel
hydraulics to pipe-full conditions in much of the stream can create velocities that move massive
amounts of material. After the event, over 1.5 m of bed material had been completely removed near
XS-1 and transported downstream. A more comprehensive and longer study would be necessary
to capture this type of flow event. Research at BC focused on a well-defined but small basin, so
extrapolation of results to a regional scale should be done with caution.
Many previous researchers have dismissed the amount of inorganic carbon that is removed from
karstic basins via particulate loads (either suspended or bed loads). While this assumption might be
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valid over base flow conditions, it is not valid during storm events when bed and suspended loads
approach and exceed that of the dissolved load. In addition, when estimating the long-term removal
of inorganic carbon from a basin, the PIC load is ~10% of the total load. This value should help other
researchers understand the magnitude of the error introduced when dismissing the role of movement
of inorganic carbon via suspended and bed loads.
5. Conclusions
Particulate inorganic carbon flux was demonstrated to be a significant component of total carbon
removal in the basins studied. PIC fluxes are highly dependent on storm flow and stream power, so
careful evaluation of stream dynamics was necessary to adequately characterize the full mass transport,
and this type of study is applicable to other areas of mixed carbonate/non-carbonate fluviokarst. Some
flood events with approximately 8-month return periods have been shown to produce PIC fluxes that
exceed the DIC flux by over 50%. The flux of carbonate bed load was the most prominent process in
PIC movement through the studied systems. The contribution of PIC to the total inorganic carbon
removal for the annual study period at BC was 10.3%, of which 2.3% came from suspended PIC and
8.0% came from bed load PIC. Much larger storms and more significant bed load fluxes have been
observed at the study site in the past, but further monitoring would be needed to capture that data.
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and SpC, and HCO3 −1 and SpC. Time series and discrete events sampling data are available at: https://data.
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